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(57) ABSTRACT

A transcranial brain stimulation apparatus comprises an
acoustic detection device for detecting acoustic signals as
analog sound signals and an electrode arrangement includ-
ing a plurality of electrodes which can be arranged in an
operating configuration on a skull, wherein 1n the operating
configuration during energization of the electrodes a current
flow 1s generated through at least one auditory cortex of the
cerebral cortex 1n the skull. A signal conversion device 1s
configured to convert a respective analog sound signal into
a first digital signal, and to determine a second digital signal
from the first digital signal by extracting the envelope from
the first digital signal and shifting the envelope by a prede-
termined amount of time greater than zero into the future or
leaving it unshifted; and to convert the second digital signal
into a current, and to energize the electrode arrangement 1n

the operating configuration with this current.
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DEVICE FOR TRANSCRANIAL BRAIN
STIMULATION

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a national phase of PCT Application
No. PCT/EP2017/073393 filed on Sep. 18, 2017, which
claims the benefit of and priority to German Patent Appli-
cation No. 10 2016 221 478.0, filed on Nov. 2, 2016, each
of which are hereby incorporated by reference herein in their
entirety.

TECHNICAL FIELD

The invention relates to an apparatus for transcramal brain
stimulation, as well as a method and a device for calibrating
this apparatus.

BACKGROUND

Non-1nvasive hearing aids which detect an acoustic signal
through a microphone and subsequently reproduce the sound
signal 1n the ear are known for improving the hearing ability
ol hearing-impaired persons. However, non-invasive hear-
ing aids are not suitable for people having a severely
impaired hearing ability.

For severely hearing-impaired people, invasive hearing
aids are commonly used. In particular, cochlear implants are
applied which electrically stimulate the acoustic nerve of the
hearing-impaired persons. Implanted hearing aids indeed
achieve good results, but require a surgical intervention.

In document EP 2 224 987 B1, an apparatus for suppress-
ing tinnitus 1s described in which inter alia a brain stimu-
lation 1s used to reduce the tinnitus of a patient.

The object of the mvention 1s to provide an apparatus
which improves the hearing ability of a hearing-impaired
person by means of transcranial brain stimulation.

SUMMARY

This object 1s achieved by the apparatus according to
claim 1. Further developments of the invention are defined
in the dependent claims.

The apparatus according to the invention i1s used for
transcranial brain stimulation and comprises an acoustic
detecting device, such as a microphone, which detects
acoustic signals as analog sound signals. Thus, the analog
sound signals represent the sound pressures detected by the
acoustic detection device. A respective analog sound signal
represents 1n particular a given speech sequence, such as a
sentence pronounced by a human being.

The apparatus further comprises an electrode arrangement
of a plurality of electrodes which can be arranged on a skull
of a human being or an animal 1n an operating configuration,
wherein 1n the operating configuration during energization
of the electrodes a current tlow 1s generated through at least
one auditory cortex of the cerebral cortex in the skull.
Depending on the embodiment of the apparatus, only the
auditory cortex in the left half of the skull or only the
auditory cortex in the right half of the skull can be consid-
ered. In a preferred variant, however, both the auditory
cortex 1n the left half of the skull and the auditory cortex 1n
the right half of the skull are considered when arranging the
clectrodes. In this manner, the hearing ability of both ears of
the corresponding human being or animal can be improved.
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The apparatus according to the invention further com-
prises a signal conversion device. This device 1s configured
to convert a respective analog sound signal into a first digital
signal, the course of which corresponds to the respective
analog sound signal. Here and in the following, the term
course 1s to be understood as the time-dependent course.
Furthermore, the above wording, according to which one
signal corresponds 1n its course to another signal, 1s to be
understood here and in the following such that both signals
conform to each other except for a scaling factor.

The signal conversion device 1s further configured such
that 1t determines in its operation a second digital signal
from the first digital signal by extracting the envelope from
the first digital signal and shifting the envelope by a prede-
termined amount of time greater than zero 1nto the future or,
where applicable, also leaving 1t unshifted. The shift into the
future corresponds to a shift of the envelope along the time
axis to a later point 1n time. In other words, this shift can be
understood as a temporal delay of the envelope, and thus, of
the converted current described below.

The term envelope 1s familiar to a skilled person, and
corresponding methods for 1ts extraction are known per se.
The term envelope describes the temporal envelope that
passes through local maxima of the absolute values of the
corresponding signal for which the envelope 1s extracted.
Normally, not all local maxima of the absolute values are
considered, but the temporal envelope 1s determined 1n a
predetermined frequency range of the signal. Here and 1n the
following, the term envelope thus includes the temporal
envelope and, where applicable, also the temporal envelope
which was subjected to a correction. Such a correction can
consist, for example, 1 setting the values of the (uncor-
rected) temporal envelope which exceed a predetermined
percentage value (such as 25%) of the absolute maximum of
the temporal envelope to the absolute maximum. This results
in a distortion of the temporal envelope.

The signal conversion device of the apparatus according,
to the invention 1s further configured to convert the above-
mentioned second digital signal into an electric current, the
course of which corresponds to the second digital signal, and
to energize the electrode arrangement 1n the operating con-
figuration with this current.

The 1nvention 1s based on the finding that a significant
improvement of a person’s hearing ability can be obtained
by a transcranial brain stimulation which corresponds to the
envelope of a corresponding sound signal. The application
of the apparatus according to the invention does not require
any surgical intervention, as 1s the case with 1nvasive
hearing aids. Only electrodes have to be attached to corre-
sponding areas of the person’s skull.

In a particularly preterred embodiment, the electrode
arrangement comprises a pair of electrodes for the auditory
cortex 1n the left half of the skull and/or a pair of electrodes
for the auditory cortex 1n the right half of the skull. Thus, a
maximum of two pairs of electrodes are used 1n the appa-
ratus, so that the application of the apparatus 1s facilitated
and 1ts wearing comfort 1s 1mproved.

In another preferred embodiment, the predetermined
amount of time by which the envelope 1s shifted into the
future 1s between 50 ms and 150 ms, and 1s preferably 100
ms. It has been shown experimentally that these values
provide the best improvement of the hearing ability for most
of the patients.

In another preferred embodiment, a Hilbert transtforma-
tion of the first digital signal i1s performed during the
extraction of the envelope. This Hilbert transformation 1s
known per se and provides a complex number for each
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temporal signal value of the first digital signal. The temporal
sequence of the absolute values of these complex numbers
corresponds to the (unfiltered) envelope of the first digital
signal.

In a further preferred embodiment, the signal conversion
device 1s configured such that the extraction of the envelope
comprises a bandpass filtering of the first digital signal
subsequent to 1ts Hilbert transformation in a predetermined
frequency range. In particular, this frequency range 1s the
band between 0 Hz and 10 Hz or a section of this band, such
as the band between 4 Hz and 8 Hz. These frequency ranges
reflect the frequency spectrum of individual syllables in
speech signals very well.

In another preferred embodiment of the apparatus accord-
ing to the ivention, the signal conversion device comprises
a signal processing unit and a stimulation unit. These are
configured such that the signal processing unit receives the
respective sound signal from the acoustic detection device
and determines the second digital signal therefrom, wherein
the second digital signal 1s firstly converted by the signal
processing unit into an electric voltage, the course of which
corresponds to the second digital signal and which 1s output
to the stimulation unit. The stimulation unit converts this
voltage 1nto the electric current described above, which 1s
used to energize the electrode arrangement.

In another preferred embodiment of the apparatus accord-
ing to the mnvention, the current for energizing the electrode
arrangement 1s defined such that its maximum value 1is
between 0.5 mA and 2 mA, 1n particular at 2 mA or less and
preferably at 1 mA. This ensures that the current 1s below the
patient’s threshold of perception.

In another preferred embodiment, the apparatus according
to the invention 1s wearable (as a whole) by the human being,
or animal to whose skull the electrodes of the electrode
arrangement are attached 1n the operating configuration. In
particular, 1t can be attached (as a whole) to the skull of the
human being or animal. In this manner, 1t 1s ensured that the
device can be carried by the patient.

In another preferred embodiment, the apparatus according,
to 1nvention further comprises an acoustic output device for
outputting acoustic signals based on the analog sound sig-
nals 1n the region of one or both ears of the human being or
amimal to whose skull the electrodes of the electrode
arrangement are attached in the operating configuration.
This output preferably occurs directly after the detection of
the acoustic signals by the acoustic detection device. With
this additional acoustic output, the patient’s hearing ability
can be further improved. The acoustic signals output based
on the analog sound signals substantially correspond to the
originally detected acoustic signals, but can be subjected to
a suitable post-processing for signal improvement. For
example, signal noise can be removed or suppressed.

In addition to the above apparatus according to the
invention, the imnvention also includes a method for calibrat-
ing the same. During this calibration method, in the presence
of an acoustic signal, an electroencephalogram in the form
of a temporal voltage curve 1s detected in the region of at
least one auditory cortex of the cerebral cortex in the skull
of a human being or animal, for which the apparatus
according to the invention 1s to be used, by means of an
clectrode arrangement consisting of several electrodes. For
this purpose, the electrodes of the electrode arrangement are
attached to the skull at suitable positions. In particular, these
positions may correspond to the above operational configu-
ration. The electrode arrangement preferably consists of a
pair of electrodes for the auditory cortex in the left half of
the skull and/or a pair of electrodes for the auditory cortex
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in the rnight half of the skull. When applicable, the electrode
arrangement may be the electrode arrangement of the appa-
ratus to be calibrated.

With methods corresponding to those in the apparatus
according to the invention, the (digital or digitized) envelope
of the electroencephalogram 1s extracted and by means of
cross correlation the time oflset 1s determined which has the
greatest correspondence between the envelope, which 1s
extracted by the apparatus to be calibrated and which 1s
based on the present acoustic signal and calculated in
parallel with the detection of the electroencephalogram, and
the envelope of the electroencephalogram. Thus, 1n a man-
ner known per se, the maximum correlation value corre-
sponding to the cross correlation of the two envelopes 1s
determined. This time oflset 1s then stored as a predeter-
mined time amount 1n the apparatus to be calibrated, and 1s
then used by the same. When performing the calibration, the
apparatus for transcranial brain stimulation preferably only
extracts the envelope without supplying electric current to
the electrode arrangement of the device.

With the calibration method described above, a patient-
specific adaptation of the apparatus to the time oflset
between the occurrence of acoustic signals and their pro-
cessing 1n the brain 1s obtained. In this way, the apparatus
according to the invention i1s optimally adjusted to the
corresponding wearer.

In addition to the calibration method described above, the
invention includes a calibration device configured to carry
out this calibration method. In other words, this device
comprises means for detecting an encephalogram, means for
extracting the envelope of the encephalogram and for deter-
mining the time oflset by cross-correlation, and means for
transmitting the respective time offset to the apparatus to be
calibrated.

The calibration device described above can be a compo-
nent which 1s separated from the apparatus to be calibrated.
Nevertheless, it 1s also possible that the calibration device 1s
part of the apparatus for transcranial brain stimulation
according to the mmvention.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments of the invention are described 1n
detail below with respect to the attached drawings, in which:

FIG. 1 1s a schematic view of an embodiment of the
apparatus for transcranial brain stimulation according to the
invention; and

FIG. 2 1s a schematic view of a sound signal detected by
the apparatus of FIG. 1 and the envelope extracted there-
from.

DETAILED DESCRIPTION

FIG. 1 shows a schematic view of an embodiment of an
apparatus for transcranial brain stimulation according to the
invention. The apparatus 1s used to improve the hearing
ability of a hearing-impaired person by suitably stimulating
the cerebral cortex with an electric current. In this sense, the
apparatus represents a hearing aid. The components of the
apparatus described below are preferably configured such
that they are wearable and can be carried by the hearing-
impaired person.

The apparatus of FIG. 1 comprises a microphone 1, which
1s preferably implemented 1n miniaturized form and attached
in the region of one or both ears of the hearing-impaired
person. Via microphone 1, acoustic signals are detected
which are denoted with AS in FIG. 1 and are indicated by
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three concentric circle segments. The acoustic signals
detected by microphone 1 represent analog signals, which
are denoted as sound signals SI in FIG. 1. A detected single
sound signal SI preferably represents a contiguously spoken
speech sequence which, for example, 1s pronounced by
another person communicating with the hearing-impaired
person. In particular, the speech sequence can be a spoken
sentence. The sound signals SI are fed to a signal conversion
device 5. The components of this device are preferably
accommodated in a common housing, which may be
attached, for example, to or behind the ear of the hearing-
impaired person.

Two electrodes 2 and 3 are attached to the hearing-
impaired person’s skull, which i1s denoted by 4 1n FIG. 1,
above the left ear. The electrodes are positioned such that an
clectric current tlowing between these electrodes, which 1s
generated by the transcramial electrode stimulator 8
described further below, stimulates the auditory cortex in the
lett half of the skull. In the 10-20 EEG system, the auditory
cortex of the left cerebral hemisphere 1s located approxi-
mately below electrode position T3, whereas the cortex of
the right cerebral hemisphere i1s located approximately
below electrode position T4. In order to obtain a current flow
through the cortex of the left cerebral hemisphere, electrode
2 can be located at position F3 and electrode 3 can be located
at position TS 1n the 10-20 EEG system, for example.
Electrodes 2 and 3 are connected to the electrode stimulator
8 via electric cables.

Preferably, also on the right half of the skull, two elec-
trodes are positioned which allow current to flow through
the right auditory cortex by means of the transcranial
clectrode stimulator 8. For example, one of these electrodes
can be located at position F4 and the other at position T6 1n
the 10-20 EGG system. With usage of electrodes on both
halves of the skull, the hearing ability of both ears of the
hearing-impaired person 1s improved. If there i1s hearing
impairment for only one ear, only one pair of electrodes is
used for the auditory cortex of the impaired ear. In the
tollowing, the device 1s described only with respect to the
stimulation of electrodes 2 and 3, wherein the stimulation of
the electrodes on the other half of the skull 1s executed
analogously.

The sound signal SI detected by microphone 1 1s fed to a
signal processor 6 within the sound conversion device S. For
example, the signal processor 6 and the digital-to-analog
converter 7 described below can be implemented in a
common integrated circuit. The SI signal 1s pre-amplified 1n
the signal processor and then digitized, thus obtaiming a first
digital signal DS1. Using signal processor 6, the envelope
HK (1.e. the temporal envelope) 1s determined from the first
digital signal DS1 in a manner known per se. In the
embodiment described here, the envelope 1s extracted 1n a
predetermined frequency range of the first digital signal
DS1, so that high-frequency oscillations 1n the sound signal
are no longer contained 1in the envelope. In detail, during the
envelope extraction, the Hilbert transformation known per
se 1s applied to the digital signal DS1, which transformation
provides complex values whose absolute values represent
the unfiltered envelope. This curve 1s then subjected to
low-pass filtering in the frequency range between O Hz and
10 Hz, which corresponds to the frequency range of indi-
vidual syllables relevant for hearing. In the embodiment
described here, the filtered curve represents the envelope
HK.

FIG. 2 shows a diagram depicting an example of the
extraction of an envelope by means of the apparatus of FIG.
1. The time t 1s displayed along the abscissa of the diagram

5

10

15

20

25

30

35

40

45

50

55

60

65

6

and the amplitude A 1s displayed along the coordinate. The
detected analog sound signal SI 1s shown 1n the upper part
of the diagram. From this signal, the envelope HK 1s
obtained, which 1s shown in the lower part of the diagram.
The envelope 1s a zero-mean curve, 1.€. the values of the
envelope reflect the deviation from the signal mean value.

In a next step 1n the signal processing unit 6, the envelope
HK 1s shifted into the future by a predetermined amount of
time t1. The amount of time reflects the oflset between the
occurrence of the acoustic signal AS and the time of signal
processing 1n the brain. The value of the amount of time can
be suitably determined in advance by experiments and can
be set to 100 ms, for example. In a particularly pretferred
embodiment, this amount of time 1s determined during a
calibration method of the apparatus described here, wherein
this calibration method 1s explained in more detail below.

The envelope shifted by the amount of time t1 represents
a second digital signal DS2, which 1s subsequently fed to the
digital-to-analog converter 7 within the signal conversion
device 5. This digital-to-analog converter provides an elec-
tric voltage V, the time course of which corresponds to the
second digital signal DS2. The voltage V 1s finally fed to the
transcranial electrode stimulator 8, which converts the volt-
age 1to an electric current whose temporal course corre-
sponds to the voltage V. The stimulator 8 supplies this
current to electrodes 2 and 3. The stimulator ensures that the
desired current tlows through the auditory cortex between
clectrodes 2 and 3 also 1n case of a change of the impedance
on the skull. With the electrode stimulation according to the
envelope of the sound signal, a significant improvement 1n
hearing ability can be achieved, especially when the original
acoustic signal contains a high noise level.

In order to adapt the time t1 described above specifically
to the hearing-impaired person, 1 a preferred embodiment,
a calibration of the apparatus of the invention 1s carried out
using the schematically indicated calibration device 9. Two
electrodes 2' and 3' are connected to this calibration device,
which, similar to electrodes 2 and 3, are arranged on the
skull 4 such that they bridge the auditory cortex at the left
ear.

During the calibration operation, a predetermined acous-
tic signal 1s generated. This signal 1s processed as described
above by the signal conversion device 5, but without gen-
erating the current I by the electrode stimulator 8. At the
same time, for the imncoming acoustic signal, the electroen-
cephalogram, 1.e. the voltage pulses occurring between
clectrodes 2' and 3', 1s determined by the calibration device
9. In analogy to the extraction of the envelope HK described
above, the device 9 extracts the envelope HK' of the voltage
signals from this electroencephalogram.

The calibration device 9 1s able to communicate via a
suitable iterface with the signal processor 6 of the device to
be calibrated, as indicated by a double arrow 1 FIG. 1. The
device reads the extracted envelope HK wvia this interface
and determines by means of cross correlation the time oifset
having the greatest correspondence between the envelope
HK and the envelope HK'. Thus, the time ofiset having the
maximum value of the cross correlation function of the two
envelopes 1s determined. This time oflset reflects the person-
specific time shift between the incoming acoustic signal and
its processing in the brain. The determined time offset 1s then
transmitted by the device 9 via the above described interface
to the signal processor 6, which stores this time oflset as the
predetermined time amount t1 and uses the same in opera-
tion for shifting the envelope. In this sense, the transmitted
time oflset represents a calibrated value for the apparatus for
transcranial brain stimulation.
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The above described calibration device was described as
a separate component that 1s not part of the apparatus for
transcranial brain stimulation. However, it 1s also possible
tor the corresponding calibration function to be integrated 1n
the apparatus for transcranial brain stimulation. 5

The above described embodiments of the invention have
a number of advantages. In particular, a simple non-invasive
hearing aid 1s created that improves the hearing ability of
hearing-impaired persons by stimulating the auditory cortex
in the brain. In contrast to cochlear implants, this hearing aid
does not require a surgical intervention, but can be easily put
into operation by attaching electrodes to the skull. With the
hearing aid according to the invention, in particular an
improvement of the hearing ability 1s achieved for speech
signals which are embedded 1n a strong background noise.

The 1nvention claimed 1s:

1. An apparatus for transcranial brain stimulation com-
prising:

an acoustic detection device for detecting acoustic signals
as analog sound signals;

an electrode arrangement comprising a plurality of elec-
trodes which can be arranged in an operating configu-
ration on a skull of a human being or animal, wherein
in the operating configuration during energization of
the electrodes a current tlow 1s generated through at
least one auditory cortex of a cerebral cortex in the
skull; and

a signal conversion device configured to:

1) convert a respective analog sound signal mto a first
digital signal, the course of which corresponds to the
respective analog sound signal, and to determine a
second digital signal from the first digital signal by
extracting an envelope from the first digital signal and
shifting the envelope by a predetermined amount of
time greater than zero into the future or leaving 1t
unshifted; and

11) convert the second digital signal into a current, the
course of which corresponds to the second digital
signal, and to energize the electrode arrangement 1n the
operating configuration with this current.

2. The apparatus according to claim 1, wherein the
clectrode arrangement consists of a pair of electrodes for the
auditory cortex 1n a left half of the skull and/or a pair of
clectrodes for the auditory cortex in a right half of the skull.

3. The apparatus according to claim 1, wherein the 45
predetermined amount of time 1s between 50 ms and 150 ms.

4. The apparatus according to claim 1, wherein the signal
conversion device 1s configured such that a Hilbert trans-
formation of the first digital signal 1s carried out during
extraction of the envelope.

5. The apparatus according to claim 4, wherein the signal
conversion device 1s configured such that the extraction of
the envelope comprises a bandpass filtering of the first
digital signal subsequent to 1ts Hilbert transformation in a
predetermined frequency range, the predetermined fre- 55
quency range being the band between O and 10 Hz or a
section thereof.

10

15

20

25

30

35

40

50

8

6. The apparatus according to claim 1, wherein the signal
conversion device comprises a signal processing unit and a
stimulation unit which are configured such that the signal
processing unit recerves the respective analog sound signal
from the acoustic detection device and determines the sec-
ond digital signal therefrom, wherein the second digital
signal 1s firstly converted by the signal processing unit nto
a voltage, the course of which corresponds to the second
digital signal and which 1s output to the stimulation unit
which converts the voltage into the current for energizing the
clectrode arrangement.
7. The apparatus according to claim 1, wherein the current
1s set such that its maximum value 1s between 0.5 mA and
S mA.
8. The apparatus according to claim 1, wherein the
apparatus 1s wearable by the human being or amimal to
whose skull the electrodes or the electrode arrangement are
attached in the operational configuration, and 1s attachable to
the skull of the human being or animal.
9. The apparatus according to claim 1, further comprising
an acoustic output device for outputting acoustic signals
based on the analog sound signals 1n the region of one ear
or both ears of the human being or animal to whose skull the
clectrodes or the electrode arrangement are attached 1n the
operating configuration.
10. A method for calibrating an apparatus according to
claim 1, wherein
in the presence of an acoustic signal, an electroencepha-
logram 1n the form of a temporal voltage curve is
detected 1n a region of at least one auditory cortex of
the cerebral cortex 1n the skull of a human or animal,
for which the apparatus for transcranial brain stimula-
tion 1s to be used, by an electrode arrangement com-
prising a plurality of electrodes;
an envelope of the electroencephalogram 1s extracted and
a time oflset having a greatest correspondence between
the envelope which is extracted by the apparatus for
transcranial brain stimulation and which 1s based on the
present acoustic signal, and the envelope of the elec-
troencephalogram 1s determined by cross correlation;

the time oflset 1s stored as a predetermined time amount
in the apparatus for transcranial brain stimulation.

11. A device for calibrating an apparatus, wherein the
device 1s configured to perform the method according to
claim 10.

12. An apparatus for transcranial brain stimulation, com-

prising the device for calibrating an apparatus according to
claim 11.

13. The apparatus according to claim 1, wherein the
predetermined amount of time 1s 100 ms.

14. The apparatus according to claim 1, wherein the
current 1s set such that 1ts maximum value 1s at 2 mA or less.

15. The apparatus according to claim 1, wherein the
current 1s set such that 1ts maximum value 1s 1 mA.
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